Idiopathic erythrocytosis (IE) is a rare condition in which there is an increase in red cell mass and hematocrit. As it is typically driven by elevated or inappropriately normal erythropoietin (Epo) levels, it has the potential to reveal the identities of proteins involved in the oxygen sensing pathway that regulates the transcription factor, Hypoxia Inducible Factor (HIF), and hence Epo production in humans. One example of this is provided by Chuvash polycythemia, a form of erythrocytosis due to a mutation in the von Hippel Lindau tumor suppressor protein (VHL), a component of an E3 ubiquitin ligase complex that targets hydroxylated HIF for degradation. A recent report of familial erythrocytosis now implicates a different protein, Prolyl Hydroxylase Domain protein 2 (PHD2), which is an enzyme that hydroxylates HIF.
Idiopathic Erythrocytosis
Under normal conditions, red cell production is controlled by an exquisitely sensitive physiological mechanism, leading to the daily replacement of 1% of the total red cells in the body. Red cell production is driven by the glycoprotein hormone erythropoietin, which is synthesized by the kidney in response to hypoxia. An absolute erythrocytosis occurs by definition when the red cell mass is greater than 125% of that predicted, and this is associated with a raised hematocrit 1 . Such an erythrocytosis can be associated with a range of serum Epo levels and can be broadly divided into three groups based upon clinical features. The myeloproliferative group consists of individuals with an absolute erythrocytosis who have the primary bone marrow clonal disorder polycythemia vera (PV), which is characterized by an expansion of the erythroid, myeloid and megakaryocytic cell lineages.
The individuals who do not fulfil the criteria for PV, and hence are excluded from the first group, fall generally into two categories: those with low Epo levels who may be suspected to have a defect in the Epo signaling pathway, and those with inappropriately normal or raised Epo who may have a defect in oxygen sensing. Although the former is typified by mutations in the EpoR leading to constitutive Epo-independent signaling 2, 3 , this is a rare event and in many such individuals the molecular defect remains unknown. In the latter group, numerous cases with elevated Epo have a secondary cause such as a high affinity hemoglobin, an Epoproducing tumour, or lung disease due to smoking. Within this category, there remains a cohort of individuals in whom no secondary cause has been identified. This heterogeneous sub-group, which includes familial and sporadic cases, is referred to as IE.
Erythropoietin Gene Regulation and Oxygen Sensing
Over the past ten years or so, substantial progress has been made in understanding the molecular mechanism by which Epo gene transcription is regulated. The essential features of this pathway, which is a classic negative feedback loop, are as follows. Decreased oxygen delivery to the kidney due to any of a number of causes, such as anemia, results in the activation in specialized renal cortical cells of the transcription factor HIF. Hypoxia Inducible Factor is a heterodimeric complex composed of an α-subunit, either HIF-1α or HIF-2α, and a β-subunit, which is the Aryl Hydrocarbon Nuclear Translocator 4 . Protein concentrations of the α-subunit, in contrast to those of the β-subunit, are extremely sensitive to oxygen tension and provide the central means by which the HIF complex is regulated by hypoxia.
More specifically, under normoxic conditions, the α-subunit of HIF is hydroxylated at two prolyl residues by a family of three PHDs (also known as HIF Prolyl Hydroxylases and EGLNs) 5-7 . In the case of HIF-1α, this occurs at Pro-402 and Pro-564 8-11 . This site-specific hydroxylation allows recognition by the von Hippel Lindau tumor suppressor protein, a component of an E3 ubiquitin ligase complex that then targets HIF-1α for constitutive degradation by the ubiquitin-proteasome pathway 12 . Under hypoxic conditions, the prolyl hydroxylation is inhibited, thereby allowing escape of the α subunit from degradation and its stabilization. In a parallel pathway, Factor Inhibiting HIF (FIH), which is an asparaginyl hydroxylase, constitutively hydroxylates the α subunit of HIF in its transactivation domain (Asn-803 in the case of HIF-1α), and this modification blocks the interaction between HIF and the transcriptional coactivator CBP/p300 13-16 . Under hypoxic conditions, this modification is inhibited, thereby promoting the interaction between HIF and CBP/p300.
The PHDs and FIH utilize molecular oxygen in the hydroxylation reaction, providing an appealing and simple mechanism by which changes in oxygen tension can be transduced to changes in protein modification and hence, protein level. However, it should also be noted that recent results also implicate reactive oxygen species in the pathway by which hypoxia activates HIF 17-19 , and the relative contributions of intrinsic oxygen utilization versus reactive oxygen species remains an area of active investigation. The stabilized HIF complex then activates an enhancer in the 3' end of the Epo gene, leading to increased Epo transcription and hence, Epo production 20-22 .
While the Epo pathway is restricted to specialized renal cortical cells and also to hepatocytes, it serves as a paradigm for a universal oxygen sensing pathway, since the central components of the pathway, which include the PHDs, FIH, the HIFs, and VHL are preserved in an extremely wide range of tissues and cell types, in which they serve to regulate a broader hypoxic transcriptional response that activates glycolysis, glucose uptake, angiogenesis, and iron moblization. For more detailed information on this pathway, the reader is referred to several excellent recent reviews 12, 23-25 . As should be apparent, while IE with inappropriately normal or high Epo levels is a rare disease, it has the potential to reveal insight into the mechanism by which humans regulate Epo, and more generally, respond to changes in oxygen tension.
Validation of this has been provided by a form of erythrocytosis, autosomal recessive Chuvash polycythemia, that is endemic in the Chuvash Republic of the former Soviet Union and is associated with normal to elevated Epo levels 26 . Linkage studies eliminated EpoR as a candidate gene. Instead, it was discovered to be associated with a region on chromosome 3 27 . Screening candidate genes in this region indicated the presence of a mutation (R200W) in the VHL gene, and functional studies revealed that it renders VHL partially defective in the ubiquitination of HIF 28 . Importantly, this mutation, which results in early mortality from cerebrovascular and thrombotic events 29 , does not lead to the clinical phenotype of VHL syndrome, which is characterized by renal cell carcinoma, pheochromocytoma, and CNS hemangioblastoma.
Registry for Idiopathic Erythrocytosis
Over the last ten years, British and Irish IE patients have been referred to us for further investigation allowing the development of a registry of clinical data with matching stored DNA samples. The inclusion and exclusion criteria for the registry are based on the published guidelines 1, 30 , but basically patients are included if they do not fulfil the criteria for PV and do not have an identified secondary cause. Only patients with a raised red cell mass greater than 125% of that predicted and/or a raised hematocrit (>0.52 in males and >0.48 in females), no splenomegaly and no identified cause of erythrocytosis are included on the registry.
To date more than 120 individuals have been recruited to the IE registry and around 15% have a family history of a first degree relative with erythrocytosis. On entry to the registry, individuals are routinely screened for defects in the genes encoding for the cytoplasmic region of the Epo receptor (EpoR)-which includes the negative regulatory domains, VHL, and most recently, the catalytic domain of PHD2 (for reasons detailed below). In addition recently, those individuals with low Epo levels are screened for the JAK2 V617F mutation. Since this mutation is associated with acquired clonal myeloproliferative disorders, it is then possible to exclude individuals from the registry who have the clonal disorder of PV 31 . Such a clone was present in 1.6% of IE individuals tested.
Chuvash Polycythemia and the P582S polymorphism in HIF-1α
Screening individuals from the IE registry has detected in several families originating from the Indian sub-continent the same VHL R200W mutation as originally described in Chuvash polycythemia 32, 33 ; to date, 10 such families have been identified. Simultaneously, investigation of the VHL gene in non-Chuvash childhood erythrocytosis also revealed this same VHL defect 34 . Thus, the VHL R200W mutation was found to exhibit a wide geographical distribution and is not solely confined to Chuvashia, which suggests it is of greater significance than initially thought. Haplotype analysis of Chuvash, Asian and Caucasian individuals reported one founder mutation, which was an ancient event 35 . Subsequently, a second occurrence for the VHL R200W mutation that arose independently of the Chuvash mutation was identified in a child of Turkish origin 36 .
Further studies have revealed other different VHL mutations are associated with erythrocytosis, which can be present in either the homozygous or compound heterozygous state 36-40 . More recently, a separate cluster of Chuvash erythrocytosis patients has been identified in the island of Ischia, Italy with a haplotype that matched the Chuvash cluster 41 . Intriguingly, there are a growing number of erythrocytosis individuals who are heterozygous for the VHL R200W mutation but also express the wild type allele 36, 41, 42 , or mutations at otherVHL sites 34, 36, 38, 39 . This is contrary to the recessive mode of inheritance established by most cases with VHL-associated erythrocytosis, thus raising the possibility of an undefined second molecular defect.
VHL mutations appear to be the most identified cause of erythrocytosis, but there remains a significant cohort of patients which are negative for VHL mutations. They could be hypothesized to possess defects in the oxygen sensing pathways since their Epo levels were either inappropriately normal or elevated. Towards this end, we investigated exon 12 of the HIF-1α, which encodes for the primary site of prolyl hydroxylation, Pro-564. This study identified a heterozygous base change of C to T at nucleotide 1744, resulting in the replacement of proline at codon 582 with serine. Although this proline is conserved within mammalian species, it is not in present in the protein from Xenopus laevis, and screening a group of control samples indicated that it is a common polymorphism 43 . Further studies revealed that there was no statistically significant association between the HIF-1α P582S variant and erythrocytosis, and functional studies failed to detect any discernable effect on hydroxylation at Pro-564. Therefore, this polymorphism appears unlikely to be the cause of IE in this patient population.
Occurrence of the P582S polymorphism was not found to be associated with renal cell carcinoma 44 . However, the P582S polymorphism has been found to be associated with other disease phenotypes, including decreased coronary artery collateralization in ischemic heart disease patients, lower exercise-induced oxygen consumption in patients age 60 and older, prostate carcinoma, head and neck cancer, and type 2 diabetes 45-50 .
A Mutation in PHD2
We recently described a family with erythrocytosis with autosomal dominant transmission of a mutation in the coding sequence of PHD2 that is predicted to change Pro-317 to Arg 51 . In this family, the mutation was present in a heterozygous state in the father, daughter, and son, all of whom displayed erythrocytosis. The mother, who is hematologically normal, did not display this mutation. Mutations were not seen in the coding sequences for either PHD1, PHD3 , VHL, or EpoR, or in exon 12 of HIF-1α.
The PHD2 mutation is predicted to alter an evolutionarily conserved residue in the active site of this enzyme, and indeed, mutant PHD2 showed markedly deficient binding to HIF-1α and HIF-2α peptides, diminished prolyl hydroxylase activity, and reduced ability to inhibit hypoxia-or HIF-overexpression induced activation of a Hypoxia Response Element (HRE) reporter gene. In transient overexpression assays, the mutant PHD2 was unable to reverse wild type PHD2 inhibition of an HRE reporter or activate it by itself, making a dominant negative effect unlikely, and thereby making near haploinsufficiency the most probable cause of the erythrocytosis. This would imply that PHD1 and PHD3, the sequences of which were normal, are not sufficient to compensate for this near-haploinsufficiency. At the same time, it remains formally possible that this mutation might lead to a gain of function-e.g. acquired activity towards a novel substrate, that might also contribute to the phenotype.
Parallels between PHD2 and VHL
The recent findings place PHD2 and VHL in the pathway regulating Epo production in humans (Figure 1) , and raise interesting parallels between VHL and PHD2. Mutations in VHL can yield two distinct syndromes-cancer predisposition and erythrocytosis. The former is inherited in an autosomal dominant manner, and is due to a germline mutation in one VHL allele, most commonly leading to markedly impaired binding of either HIF or elongin C 12 . In conformation with Knudson's two hit hypothesis, a second somatic mutation affects the second VHL allele, impairing or abolishing its function, and then predisposes to cancer. VHL-associated erythrocytosis was originally described in the context of Chuvash polycythemia, which in contrast to classic VHL syndrome is inherited in an autosomal recessive manner, and it is due to a mutation, R200W, that resides in region of VHL distinct from its HIF or Elongin C-binding sites and results in only a partial loss of activity 28 . Additional VHL mutations leading to erythrocytosis have subsequently been described, and most cluster in the same region in the three dimensional structure of VHL as the Chuvash mutation 40 . One might therefore hypothesize the following: first, that the phenotypes are due to loss of function, and second that the degree of loss of function correlates with phenotype-partial loss of function, at least in those cells producing Epo, leading to erythrocytosis; complete loss of function in a cell-type dependent manner predisposing to cancer.
A mutation in PHD2 leading to near haploinsufficiency has now been demonstrated to yield erythrocytosis, raising the possibility that PHD2 may follow the same paradigm as VHL, namely that partial loss of function leads to erythrocytosis, and complete loss of function predisposing to cancer-i.e. PHD2 may in certain cell contexts behave as a tumor suppressor protein. Indeed, recent reports have identified sporadic PHD2 mutations and loss of heterozygosity in uterine cancer 52 , and it will be of interest to see whether and to what extent this applies to other tumors. At the same time, it should be recognized that pathways dependent on PHD2 but not VHL, and conversely ones dependent on VHL but not PHD2 may exist, implying that deficiencies in PHD2 and VHL would not necessarily phenocopy one another.
In addition, it is clear that there is considerably more complexity to this model. First, and as already mentioned, there are patients heterozygous for the Chuvash mutation who nonetheless have erythrocytosis, suggesting that there may be a defect in the control of the wild type allele or yet some other undefined defect 36, 38, 41, 42 . Second, the hypomorphic phenotype of Chuvash polycythemia yields erythrocytosis while haploinsufficiency of VHL only rarely yields erythrocytosis; in the latter case, this is typically due to Epo production by the VHLassociated tumor itself 53 . In this regard, it is conceivable that the mutations have effects distinct from enzymatic activity. In the case of VHL, for example, effects on extracellular matrix have been documented 54, 55 , and numerous VHL-associated proteins with activities outside of the HIF pathway identified 56 . Third, and similarly, near-haploinsufficiency of PHD2 in the family recently reported yields erythrocytosis while haploinsufficiency of VHL only rarely yields erythrocytosis. One potential explanation here is differences in sensitivity to dose reductions. It suggests that PHD2 levels in the Epo-producing cells of the kidney are not saturating with respect to HIF hydroxylation, perhaps less saturating than VHL levels are with respect to capture of hydroxylated HIF. Finally, although loss of function remains the most appealing explanation for Chuvash polycythemia and the PHD2 P317R mutation, it is conceivable that gain of function effects may also be present.
Future Directions
Recent studies have provided compelling evidence that study of erythrocytosis can yield rich insight into the oxygen sensing pathway leading to Epo regulation in humans. The identification of VHL and, now, PHD2 as mutational gene targets strongly implicates the gene products as central to the control of Epo. It will certainly be of interest to determine whether other erythrocytosis-associated PHD2 mutations exist, and also whether HIF mutations can be identified in this condition, as would be suggested by the current understanding of this pathway. More broadly, it should be noted that the majority of patients with erythrocytosis still have no identifiable molecular defect, indicating that that the continuing study of these individuals holds the promise of yielding additional insights into this fundamental homeostatic pathway in humans. Control of Epo production by the PHD2:HIF:VHL pathway. Under normoxic conditions, the α subunit of HIF is constitutively hydroxylated by PHD2 and hence degraded in a VHLdependent manner. Under hypoxic conditions, PHD2-induced hydroxylation is inhibited, thereby allowing HIF to bind to the enhancer of the Epo gene. Epo production by the kidney then stimulates red blood cell production, leading to increased oxygen delivery to the kidney and providing a negative feedback loop that then downregulates Epo production.
